INTRODUCTION
Respiratory syncytial virus (RSV) is the most important cause of viral lower respiratory tract illness (LRI) in infants and children worldwide (22, 55) . Nearly 100,000 hospitalizations are attributable to RSV infection in the United States annually, resulting in costs approaching $300,000,000 per year (60) . Infants who are premature (7, 35) or have chronic lung disease (52) or congenital heart disease (77) are at particular risk for severe RSV disease. Although traditionally regarded as a pediatric pathogen, RSV can also cause life-threatening pulmonary disease in bone marrow transplant recipients (44) and the elderly (36-38, 41, 84) .
Although the importance of RSV as a respiratory pathogen has been recognized for over 30 years, a vaccine is not yet available because of several problems inherent in RSV vaccine development. The peak of severe disease and mortality associated with RSV infection occurs in infants younger than 3 months, who often have high titers of maternally derived RSV antibody. These young infants may not respond adequately to vaccination because of immunologic immaturity or suppression of the immune response by maternally derived antibody (18, 22, 71, 88 ). An RSV vaccine must also protect against the antigenically divergent groups A and B (see below). Most importantly, the vaccine must not potentiate naturally occurring RSV disease, as was observed with the formalin-inactivated RSV (FI-RSV) vaccine (45, 70, 74 ) (see below). Since serious RSV disease can occur in high-risk individuals who have experienced previous RSV infection, as well as in RSV-naive infants, it is also likely that more than one type of RSV vaccine will be needed to immunize all of those who would benefit from vaccination. The purpose of this review is to describe recent efforts to develop safe and effective RSV vaccines for populations at risk.
EPIDEMIOLOGY
By 2 years of age, almost all children will have been infected with RSV and approximately 50% will have been infected twice (62) . Reinfection can occur throughout life and is usually symptomatic; however, RSV infection does not generally cause LRI in immunocompetent young adults and healthy older children (57) .
RSV epidemics occur yearly during winter and early spring in temperate climates and during the rainy season in some tropical climates (86, 107) . Humans are the only known reservoir for RSV. Spread of this highly contagious virus via contaminated nasal secretions requires close contact with an infected individual or contaminated environmental surface (56) .
CLASSIFICATION AND STRUCTURE
RSV is a member of the genus Pneumovirus of the family Paramyxoviridae. This virus has a genome comprised of a single strand of negative-sense RNA, which is tightly associated with viral protein to form the nucleocapsid. The viral envelope is composed of a plasma membrane-derived lipid bilayer that contains virally encoded transmembrane proteins. A viral polymerase is packaged within the virion and transcribes genomic RNA into mRNA. The RSV genome (strain A2) is composed of 15,222 nucleotides, which encode three transmembrane surface proteins (F, G, and SH), two matrix proteins (M and M2), three nucleocapsid proteins (N, P, and L), and two nonstructural proteins (NS1 and NS2) (22) . The surface fusion (F) and attachment (G) glycoproteins are the only viral components that induce RSV neutralizing antibody; they are therefore important targets of vaccine development. The F protein, in combination with G and SH, is responsible for fusion of the viral envelope with the host cell membranes and for the characteristic syncytium formation in cell culture. Its genome is highly conserved between RSV groups. The G protein mediates attachment to the host cell surface and is largely responsible for the antigenic diversity observed between RSV groups (see below).
Cross-neutralization studies have shown that RSV isolates can be classified into two groups, designated A and B (19) . Although RSV A and B strains differ in all 10 viral proteins, the G glycoprotein shows the greatest divergence between groups, with only 53% amino acid homology between prototype RSV A and B viruses (68) . Group A and group B viruses cocirculate during epidemics, although one may predominate (1, 63, 64, 85) . Group A RSV infection may also cause more severe disease than group B RSV infection (79, 112, 120) . RSV A and B viruses have been further classified into subgroups, and several investigators have described the regional and global epidemiology of these strains (2, 11, 12, 46, 108) . The impact of antigenic diversity on RSV epidemiology is not completely understood, but it may partly explain the susceptibility to reinfection throughout life (5, 62) and the yearly variation in the severity of epidemics within communities (22) .
IMMUNITY
Virus-specific immune responses are largely responsible for protection against RSV-associated LRI and recovery from RSV infection. Immunity to RSV is mediated via humoral and cellular effectors, including serum antibody (acquired as a result of infection or maternally derived in young infants), secretory antibody, and major histocompatibility complex class I-restricted cytotoxic T lymphocytes (3, 4, 15, 105, 125) . Natural immunity to RSV is incomplete, and reinfection occurs throughout life, as demonstrated by epidemiologic studies (5, 62) and challenge studies in healthy young adults (58) . Healthy older children and young adults, however, are usually protected against RSV-associated LRI. In general, humoral immune responses involving secretory antibodies and serum antibodies appear to protect against infection of the upper and lower respiratory tract, respectively, while cell-mediated responses directed against internal proteins appear to terminate infection.
The role of local immunity in the protection of the upper respiratory tract against RSV is suggested by the observation that passive transfer of neutralizing antibodies protects the lungs of cotton rats but does not significantly affect viral replication in the upper respiratory tract (99, 100, 121) . However, cotton rats that were given live RSV via the respiratory tract were resistant to rechallenge for 6 to 12 months, suggesting that local immune responses inhibited reinfection (121) . In adult volunteer studies, the presence of secretory neutralizing antibody but not serum antibody correlated with protection of the upper respiratory tract against RSV infection (83) . In infants, the development of RSV-specific immunoglobulin A (IgA) in nasal secretions correlated temporally with disease clearance (81) .
RSV replicates primarily in the respiratory epithelium. For this reason, serum neutralizing antibody does not prevent infection, as it does for pathogens that produce viremia, such as measles virus and varicella-zoster virus. However, high titers of serum neutralizing antibody against RSV do protect the lower respiratory tract against RSV infection, as has been demonstrated by animal studies (as noted above [99, 100, 121] ), epidemiologic observations, and, most recently, clinical trials of RSV hyperimmune globulin (RSVIG) in high-risk infants (54, 98) . High titers of maternally derived RSV antibody (as measured by IgG enzyme-linked immunosorbent assay [ELISA] or neutralization assay in maternal blood or cord blood) have been shown to correlate inversely with the incidence of RSV infection (47, 65) and the severity of RSV pneumonia in the first 6 months of life (76) . In young children, the rate of reinfection with RSV and the rate of LRI at the time of reinfection also correlate inversely with the level of serum neutralizing antibody against RSV achieved after the primary infection (48) . Finally, a randomized, prospective study of administration of RSVIG to high-risk infants showed that those who received monthly doses of 750 mg/kg had significant reductions in the rate and severity of LRI, as measured by the need for hospitalization, days spent in the hospital, and days spent in intensive care (54) . Interestingly, the titer of RSV neutralizing antibody achieved in infants who received this dose of RSVIG was comparable to that demonstrated to protect the lungs of cotton rats against RSV infection in earlier studies (54, 61) . The protective effect of RSVIG in these young infants has been confirmed by a subsequent placebo-controlled trial (98) . Although the prophylactic efficacy of RSVIG has been established, RSVIG does not appear to ameliorate RSV disease when given therapeutically (106) .
Primary infection with RSV does not always elicit an immune response that will protect the lower respiratory tract, since RSV-associated LRI can occur in young children experiencing their second episode of RSV (48, 62) . The lack of protection may be explained in part by group specificity, since children with primary RSV infection develop a neutralizing antibody response in serum more frequently and of greater magnitude to the infecting strain than to the heterologous RSV strain (63) . In addition, young infants develop levels of neutralizing antibody and F and G glycoprotein antibodies to RSV that are only 15 to 25% of those observed in older children (87) . This latter study also demonstrated that the serum IgA response to the F glycoprotein is affected primarily by age, while the response to the G glycoprotein is affected primarily by the preexisting RSV IgG titer. The suboptimal response of young infants to primary infection with RSV has important implications for vaccine development, since it suggests that more than one dose of vaccine will probably be needed to induce adequate levels of RSV neutralizing antibody in this population.
Cell-mediated immunity appears to be important in the termination of RSV infection. Studies with mice suggest that antibodies are not essential to the clearance of virus (14) . Children with defects in cell-mediated immunity and athymic or gamma-irradiated mice can shed virus indefinitely (14, 43) . Although the adoptive transfer of primed T cells halts RSV replication in immunodeficient mice, the adoptive transfer of RSV-specific cytotoxic T lymphocytes may also potentiate disease (13) , suggesting that there may be an immune component to RSV illness.
VACCINE DEVELOPMENT

General Considerations
A successful RSV vaccine should prevent serious RSV-associated LRI in those at risk. Several strategies have recently been used in RSV vaccine development, including the generation of peptide, subunit, and live virus vaccines. Of these, only inactivated, subunit, and live attenuated RSV vaccines have been evaluated in clinical trials to date. Although most efforts are directed toward immunizing at-risk populations, the possibility of immunizing pregnant women with an RSV subunit vaccine to enhance the level of serum neutralizing antibody passively transferred to infants is also being explored.
Experience with Formalin-Inactivated RSV Vaccine
In the early 1960s, an FI-RSV vaccine was prepared and tested in infants and children. The Bernett strain of RSV was initially propagated in human embryonic kidney cells and pas-saged in vervet monkey kidney cells. The infected cells were inactivated with formalin and concentrated by ultracentrifugation and alum precipitation. This preparation had a final concentration factor of 100 and was known as lot 100. Lot 100 was administered as two or three intramuscular doses separated by 1 to 3 months to infants and children between 2 months and 7 years of age (17, 45, 70, 74) . Lot 100 not only failed to protect against wild-type (wt) RSV disease but also induced an exaggerated clinical response to wt RSV infection in infants who were RSV naive before vaccination. Many vaccinees were hospitalized with LRI; in one study, the hospitalization rate of vaccinees approached 80% compared to 5% in controls (74) . Tragically, two infants who received lot 100 died following wt RSV infection, one at 14 months of age and the second at 16 months of age (74) . RSV was readily isolated from the lower respiratory tracts of these infants, whose lungs also contained eosinophilic infiltrates (74) .
The mechanisms responsible for the FI-RSV vaccine-associated disease enhancement are still not completely understood. Early studies with the limited amount of material available from these clinical trials suggested that FI-RSV induced humoral and cellular responses which were qualitatively and quantitatively different from those induced by wt RSV infection. Studies with banked sera from a subset of the subjects showed that recipients of FI-RSV developed high titers of serum antibodies to the RSV F glycoprotein as measured by ELISA but relatively low levels of RSV neutralizing activity as determined by the plaque reduction neutralization assay (89) , suggesting that formalin inactivation selectively altered the protective epitopes located within the F and G surface glycoproteins of RSV (89) . These infants also had poor F, G, and neutralizing antibody responses when subsequently infected with wt RSV (89) . In addition, stored lymphocytes from FI-RSV vaccinees showed a greater proliferative response to RSV antigens than did those obtained from children naturally infected with wt RSV (75) , and a peripheral eosinophilia was observed in some FI-RSV vaccinees (17) .
The development of rodent models of enhanced pathologic changes following immunization with FI-RSV and challenge with wt RSV has allowed a more comprehensive analysis of the possible mechanisms of immunopotentiation of RSV disease. In mice, a priming immunization with wt RSV followed by challenge with wt RSV induced a Th-1-like response, with relatively increased levels of gamma interferon mRNA (51) whereas a priming immunization with FI-RSV followed by challenge with wt virus induced a Th-2-like response, with relative increases in the levels of interleukin-4 (IL-4) (51), IL-5, IL-10, and IL-13 cytokine mRNA (122) . In addition, the depletion of CD4 ϩ T cells (26) or of IL-4 or IL-10 (111) before RSV challenge abrogated the enhanced histopathologic changes in mice previously immunized with FI-RSV, further suggesting that the FI-RSV-induced pathologic changes in this animal model are Th-2 mediated.
Based upon these data, several investigators have developed a hypothesis to explain the enhanced disease observed in seronegative FI-RSV recipients. They postulated that FI-RSV vaccinees remained susceptible to infection with wt RSV because vaccination produced inadequate levels of neutralizing antibodies in serum and did not induce local immunity (32, 50, 88) . Once the vaccinees were infected with wt RSV, the virus was not readily cleared because FI-RSV did not prime for CD8
ϩ cytotoxic T-cell responses and the viral infection produced a direct cytopathic effect in the lower respiratory tracts of these infants. In addition, immunization with FI-RSV primed for a Th-2-like response, with increased local production of IL-4, IL-5, and IL-10, an influx of lymphocytes and eosinophils, the possible release of additional mediators, and resultant inflammation and bronchoconstriction (32, 92, 111, 122) .
The clinical experience with FI-RSV and the information gleaned from animal models of disease enhancement suggest key features of an effective RSV vaccine for seronegative infants. The vaccine should induce protective levels of neutralizing antibody, as well as CD8
ϩ RSV-specific cytotoxic T cells, and a pattern of CD4 response like that evoked by wt RSV. Although a live attenuated vaccine is most likely to exhibit these characteristics (32, 88) , it is possible that novel immunization strategies that combine nonreplicating vaccines with cytokines or new adjuvants will also achieve these goals (92, 111) .
Live Virus Vaccines
The failure of the parenterally administered, inactivated RSV vaccine and the subsequent recognition of the importance of local immunity in the prevention of RSV disease directed vaccine development toward live attenuated RSV mutants that could be delivered to the respiratory mucosa. Intranasal immunization with a live attenuated RSV vaccine should induce both systemic and local immunity and therefore protect against upper respiratory disease as well as LRI. Furthermore, the immune response to a live vaccine should closely resemble the response to natural infection and therefore should not produce enhanced disease upon exposure of the vaccinee to wt virus (88) . In addition, it is likely that a live intranasal RSV vaccine will infect young infants, since other live attenuated intranasal respiratory virus vaccines have been shown to replicate in infants in the presence of maternally acquired antibody (18, 71) . This feature will be critical for the success of a live attenuated RSV vaccine in young infants, since the target population (infants younger than 1 month) will invariably possess some maternally derived antibody. As noted above, it is unlikely that a single dose of vaccine would completely protect the lower respiratory tract against RSV infection, and so a successful RSV vaccine will probably have to be administered in multiple doses.
Several different strategies for the development of a live attenuated RSV vaccine were originally explored, including the creation of host range mutants, cold-passaged (cp) mutants, and temperature-sensitive (ts) mutants. The clinical evaluation of mutants developed between 1968 and 1976 that were either cp or ts (designated cpRSV [lot 3131], RSV ts-1, and ts-2) has been extensively summarized elsewhere (16, 32, 88) . In brief, these vaccine candidates were either underattenuated (cpRSV and RSV ts-1) or overattenuated (RSV ts-2), and reversion to the wt (ts ϩ ) phenotype was observed in viral isolates obtained from infants and children who received the RSV ts-1 mutant. Transmission of the ts-1 mutant from vaccinated children to placebo recipients also occurred (73, 80) . Importantly, enhanced disease was not observed when infants who received RSV ts-1 or cpRSV were naturally infected with wt RSV (80, 126) . Although these early attempts to develop a live attenuated RSV vaccine were unsuccessful, they established the use of placebo-controlled, double-blind trials with postvaccination surveillance through RSV epidemics as the model for future evaluation of live attenuated RSV vaccines in children. In addition, cpRSV is the progenitor of promising cpts RSV vaccines currently being evaluated in children (Fig. 1) (see  below) .
Investigators in the United Kingdom have also developed ts mutants of RSV group A, which were derived from the RSS-2 strain by chemical mutagenesis of virus grown in the MRC-5 human diploid cell line (82, 102) . Two mutants, designated ts1A and ts19A, were derived by a single round of mutagenesis with 5-fluorouracil (5-FU); ts1B and ts19B were each derived from the respective A viruses by a second round of mutagenesis with ICR 340 or ICR 372; and the ts1C virus was derived from ts1B by a third round of mutagenesis with 5-FU. These mutant viruses display progressive levels of temperature-sensitive plaque formation in vitro, with ts1A being the least ts virus (no plaque formation at 39°C) and ts1C being the most ts virus (no plaque formation at 37°C). Each of these ts viruses has been evaluated in healthy adult volunteers. Although attenuated in comparison to wt RSV, the ts1A and ts1B viruses caused upper respiratory tract illnesses in adults and were therefore not sufficiently attenuated for further evaluation in children (82) . Replication of the ts1C mutant in adults was not associated with illness (102), but evaluation in children is necessary to determine if this candidate vaccine is sufficiently attenuated. Recently, the complete nucleotide sequences of RSS-2 and ts1C and partial sequences of ts1A and ts1B were determined. A total of 37 nucleotide changes resulting in 13 amino acid substitutions occurred in the generation of ts1C; of these, 1 amino acid change occurred in P, 1 occurred in M1, 1 occurred in G, 2 occurred in F, and 8 occurred in L (113) . The contribution of these individual mutations to the attenuation phenotype of ts1C in adults remains to be determined.
Bovine RSV has also been considered as a possible vaccine against human RSV despite significant differences in the predicted amino acid sequences of the F and G glycoproteins of bovine and human RSV (100, 101). Although rodents and owl monkeys infected with bovine RSV are protected against chal- (103) . Three RSV A mutants (p20E, p20F, and p28F) and four RSV B mutants (p33F, p24G, p20L, and p34L) were selected by biological cloning and displayed various levels of attenuation and immunogenicity in cotton rats. All of the RSV 3A mutants protected cotton rats against challenge with RSV A2 wt virus, and two of the RSV 2B mutants protected against challenge with RSV 18537 (B) wt virus. Some reversion to the ts ϩ phenotype was observed after growth of these mutants in vitro and in vivo (103) . The RSV 2B33F mutant was also evaluated in seronegative chimpanzees and was found to be 10-fold restricted in replication in the upper respiratory tract and 1,000-fold restricted in replication in the lower respiratory tract compared with wt RSV 2B, although 2B33F was recovered from the lower respiratory tracts of some animals. Isolates of 2B33F recovered from seronegative chimpanzees also showed some loss of the ts phenotype (32) . Further development of these mutants is required before they can be evaluated in clinical trials.
Finally, investigators at the Laboratory of Infectious Diseases, National Institute of Allergy and Infectious Disease, National Institutes of Health, have produced a series of live attenuated RSV A candidate vaccines. These vaccines, which are all cpts, were derived from cpRSV by two rounds of random chemical mutagenesis with 5-FU. As shown in Fig. 1 , this process generated candidate vaccines with a range of shutoff temperatures (35 to 37°C) that displayed a spectrum of attenuation in rodents and nonhuman primates (30, 31, 33, 34) . Each of these candidate vaccines was shown to protect chimpanzees against challenge with wt RSV (30, 34, 72) . Candidate vaccine viruses recovered from chimpanzees and nude mice showed greater stability of the ts phenotype than had previously been observed with the ts-1 virus (32). As a model for immunization of young infants who have maternally derived RSV antibody, chimpanzees were infused with RSVIG, given one of the cpts candidate vaccine viruses (248, 248/404, or 530/1009), and challenged 4 to 6 weeks later with wt RSV. Compared to control animals, chimpanzees that received one of these vaccines showed 1,000-to 10,000-fold restriction of challenge virus replication in the upper respiratory tract and 100,000-fold restriction of virus in the lower respiratory tract (34) . The results of this study indicate that these cpts viruses can induce protective immune responses in the presence of passively acquired RSV antibody and suggest that these vaccines may therefore be immunogenic in young infants.
Three of these candidate intranasally administered vaccines have been evaluated in clinical trials. cpts 248/955 and 530/1009 vaccines were evaluated sequentially in adults, RSV-seropositive children, and RSV-seronegative children as young as 6 months. Although both of these vaccine candidates were attenuated in adults and seropositive children, neither vaccine was sufficiently attenuated in seronegative children to allow subsequent evaluation in very young infants (72) . Importantly, the cpts 248/955 and 530/1009 vaccines retained the ts phenotype after prolonged replication in RSV-seronegative children (72) . This was the first demonstration that an RSV mutant with a stable ts phenotype could be produced. In addition, disease enhancement was not observed when children who received either of these vaccines were observed through the subsequent RSV season. The cpts 248/404 vaccine is currently being evaluated in infants and young children. To date, this candidate vaccine appears to be safe, infectious, and immunogenic in RSV-seronegative infants as young as 6 months (72). Studies to evaluate this vaccine in younger infants are in progress.
The genetic basis of attenuation of these cpts candidate vaccines is being investigated. Sequence analysis of the cpts 248 virus and comparison with the parent cpRSV revealed that a single nucleotide substitution at position 10989 in the L (polymerase) gene, resulting in a predicted amino acid change of Gln to Leu, is responsible for acquisition of the ts phenotype (28) . In comparison to cpts 248, cpts 248/404 virus has acquired an additional amino acid change (Asp to Glu) in the L gene and a noncoding nucleotide change in the M2 gene start sequence (42) . In total, the nucleotide sequences of wt RSV A2 and cpts 248/404 differ at eight positions, leading to seven predicted amino acid changes (one in N, two in F, and four in the L gene). In the future, the contributions of these individual changes to the attenuation phenotypes of the cpts viruses can be evaluated by introducing single mutations into RSV cDNA and evaluating the mutants in rodents and primates (21, 28) .
Genetically Engineered (cDNA-Derived) Vaccines
Recently, investigators have demonstrated the ability to recover infectious virus from cDNA clones of RSV (21) . There are many potential applications of this technology to the field of RSV vaccine development. First, the attenuating mutations in a biologically derived candidate vaccine can be identified by introducing single mutations into RSV cDNA and evaluating the mutants in vitro and in vivo. By using this technique, the ts phenotype of the cpts 530 virus (Fig. 1 ) was mapped to a phenylalanine-to-leucine change at amino acid 521 (69) . In addition, mutations present in current live attenuated RSV candidate vaccines could be combined to produce novel cDNA-derived vaccines that are sufficiently infectious and immunogenic yet attenuated and genetically stable (32) . Deletion of a nonessential gene (such as the small hydrophobic protein SH gene) in combination with known attenuating cp and ts mutations might also produce a highly attenuated, genetically stable vaccine (10). Finally, it is possible to insert a single foreign gene into a recombinant RSV genome (9) , so that a cDNA-derived bivalent RSV vaccine that contained the G genes from RSV A and B might be developed (9) . Alternatively, immunomodulating genes (the IL-6 gene, for example) might be introduced in an effort to enhance immunogenicity in young infants (9) .
Vector Delivery Systems
Recombinant vaccinia viruses expressing nine of the known RSV proteins were initially evaluated in BALB mice. Vaccinia virus M2 conferred short-lived protection in BALB/c (H-2 d ) mice, which was mediated by CD8 ϩ cytotoxic T lymphocytes. In contrast, vaccinia virus F (vac-F) and vaccinia virus G (vac-G) each induced a neutralizing antibody response that provided long-term protection against wt RSV challenge in BALB mice of three major histocompatibility complex haplotypes (25) . Sera from cotton rats immunized with vac-F or vac-G passively protected naive animals (25) . Other investigators showed that vac-G derived from RSV B provided significant protection in cotton rats against RSV B but not RSV A challenge (109) . However, intradermal immunization with vac-F or vac-G in seronegative chimpanzees produced low levels of neutralizing antibody and provided incomplete protection against challenge in the lower respiratory tract and no protection in the upper respiratory tract (23, 33) . The lack of immunogenicity of these recombinants in chimpanzees, combined with concerns about the safety of vaccinia virus recombinants in young infants, make vaccinia virus-RSV recombinants unlikely candidate vaccines (32) . Adenovirus-RSV recombinants expressing F (AdF), G, or F and G were shown to be immunogenic in dogs, but Ad7F, Ad4F, and Ad5F were poorly immunogenic when administered orally to seronegative chimpanzees (20, 66, 67) . Although it is possible that other vector delivery systems for RSV will be developed, they will have to produce more immunogenic vaccines than those evaluated to date.
Subunit Vaccines
RSV F and G, the viral glycoproteins which induce neutralizing and protective antibodies (reviewed in reference 22) , have been evaluated as potential candidate vaccines. Subunit RSV vaccines containing a novel chimeric FG glycoprotein or purified F protein have been developed and tested in a variety of rodent and primate models (8, 24, 29, 90, 91, 119, 124) . In addition, two RSV F subunit vaccines (purified F protein 1 [PFP-1] and PFP-2) have been evaluated in clinical trials in the elderly (39, 40) and in children older than 1 year who are healthy (6, 94, 115) or who have cystic fibrosis (97) or bronchopulmonary dysplasia (53) .
The chimeric RSV FG candidate vaccine consists of a immunoaffinity-purified, baculovirus-expressed fusion glycoprotein containing the ectodomains of RSV F and G (123) . RSV FG delivered intramuscularly was shown to protect the lower respiratory tracts but not the upper respiratory tracts of rodents (8, 24, 124) . When cotton rats that had previously received FG were challenged with wt RSV, enhanced pulmonary pathologic changes were observed by some investigators (24) but not by others (124) . In African green monkeys, the FG candidate vaccine delivered intramuscularly induced low levels of RSV neutralizing antibody in serum and afforded minimal protection of the lower respiratory tract to challenge with wt virus; however, enhanced pulmonary pathologic changes were not observed in these animals. Intranasal immunization of mice with FG, with cholera toxin B (CTB) as an adjuvant, induced local IgG and IgA antibodies and protected the upper respiratory tract against challenge (93) , but the utility of this approach requires further investigation.
Immunization with an immunoaffinity-purified preparation of the RSV F glycoprotein was also shown to protect the lower respiratory tracts but not the upper respiratory tracts of rodents against RSV challenge (119) . Although initial studies did not demonstrate disease enhancement following challenge (91) , some investigators later showed that cotton rats immunized with purified F had altered immune responses (high levels of F antibody relative to RSV neutralizing antibody) and enhanced histopathologic changes with challenged with wt RSV (90) . Seronegative chimpanzees that received three doses of this vaccine developed low levels of RSV neutralizing antibody (29) . As with the FG chimeric vaccine, intranasal immunization of mice with PFP-1 adsorbed to CTB protected the upper respiratory tract against challenge, and simultaneous intranasal immunization with F and CTB and parenteral immunization with F afforded upper and lower respiratory tract protection equivalent to that induced by live virus infection (118) .
RSV F subunit vaccines adsorbed to alum have been evaluated in children older than 12 months with and without chronic underlying pulmonary disease, in healthy adults, and in institutionalized and ambulatory elderly subjects (Table 1) . These vaccines, PFP-1 and PFP-2, contain the RSV F glycoprotein purified by immunoaffinity column chromatography or ion-exchange chromatography, respectively. Several observations can be made from these clinical trials. First, the vaccines were well tolerated in these populations: acute postvaccination reactions were minimal and enhanced disease was not observed (6, 39, 40, 53, 94, 97, 115) . Second, 50 g of vaccine was the most immunogenic of the doses tested, and fourfold or greater rises in RSV neutralizing-antibody titers were observed in approximately one-half to three-quarters of the vaccinees (Table 1 ). Finally, in some studies, the response to vaccination (defined as at least a fourfold rise in titer) correlated inversely with preimmunization neutralizing antibody titers in serum (39, 53) , suggesting that these vaccines may not be able to increase neutralizing antibody responses beyond a certain level. Taken together, these studies suggest that RSV PFP vaccines are safe and moderately immunogenic in the populations (the elderly or children with chronic cardiac or pulmonary disease) for which they might be most useful. Recent studies with mice suggest that formulation of PFP-2 vaccine with the novel adjuvant Quillaja saponaria (QS-21) may augment neutralizing antibody and Th-1-type antibody responses (59) . Clinical trials with PFP-2 adsorbed to QS-21 are in progress (95) .
Other Approaches
Synthetic peptide vaccines, F and G glycoprotein vaccines derived from bacterial expression in prokaryotes, and immunestimulating complex-formulated vaccines have all been evaluated in mice (27, 78, 110, 116, 117) . At present, it is unclear whether any of these vaccines will offer an advantage over the RSV PFP-2 subunit vaccine.
CONCLUSIONS
In the past decade, tremendous progress has been made in the development of RSV vaccines. Currently, two promising sets of candidate vaccines have been evaluated in clinical trials: the PFP subunit vaccines for immunization of the elderly and older RSV-seropositive children with chronic cardiac or pulmonary disease, and the cpts live attenuated vaccines, which would be used primarily for immunization of young infants. It is possible that combinations of different types of vaccines will be needed for certain populations; for example, optimal immune responses in the elderly might result from simultaneous administration of a live and a nonreplicating RSV vaccine, as has previously been demonstrated for influenza (49, 114) . The availability of cDNA technology should allow further refinement of existing live attenuated candidate vaccines to produce engineered vaccines that are satisfactorily attenuated, immunogenic, and phenotypically stable. This technology might also be used to develop a bivalent (RSV A and B) chimeric vaccine, since an appropriate live attenuated RSV B candidate vaccine has not yet been identified.
The goal of RSV vaccination is not to prevent RSV infection but, rather, to prevent RSV-associated LRI. Efficacy studies of candidate vaccines will have to be designed with this goal in mind. If a monovalent RSV A vaccine is the first candidate to be assessed in an efficacy trial, it will also be important to determine whether heterotypic immunity is sufficient to protect against RSV B-associated LRI. Postvaccination surveillance for disease associated with wt RSV infection is a necessary component of all RSV vaccine trials in seronegative children: in phase I and II trials, the primary purpose is to monitor for enhanced disease, and in phase III trials, protection against RSV-associated LRI is also assessed.
Once efficacious vaccines are identified, issues of vaccine storage and delivery will also have to be addressed. This is particularly true for live attenuated vaccines, which must currently be stored at Ϫ70°C and are administered as nasal drops. Efforts are currently being made to increase the stability of these vaccines and to evaluate nasal spray delivery systems (104) . It is to be hoped that delivery and storage systems will be developed that will make RSV vaccines accessible and affordable worldwide.
